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Abstract
Speckle patterns have usually been obtained by using ground glass as random diffusers. Liquid-
crystal spatial light modulators have opened the possibility of engineering tailored speckle fields
obtained from designed diffusers. In this work, one-dimensional Gaussian speckle fields with
fully controllable features are generated. By employing a low-cost liquid-crystal spatial light
modulator, one-dimensional three phase level diffusers are implemented. These diffusers make it
possible to control average intensity distribution and statistical independence among the
generated patterns. The average speckle size is governed by an external slit pupil. A theoretical
model to describe the generated speckle patterns is developed. Experimental and theoretical
results confirming the generation of one-dimensional speckle fields are presented. Some possible
applications of these speckles, such as atom trapping and super-resolution imaging, are briefly

envisaged.

Keywords: speckle, spatial light modulators, liquid crystal devices
PACS numbers: 42.30.Ms (speckle and moiré patterns), 42.79.Hp (optical processors,
correlators, and modulators), 42.79.Kr (display devices, liquid-crystal devices)

(Some figures may appear in colour only in the online journal)

1. Introduction

When a laser beam impinges on a rough surface, the inter-
ference produced by the transmitted or reflected light gen-
erates random intensity distributions called speckle patterns.
The availability of continuous wave lasers since the early
1960s has made the observation of this phenomenon com-
monplace [1]. The nature of the phenomenon began to be
studied, and over the time, different applications were
developed, among them those related to optical metrology
[2, 3] and optical encryption [4, 5].

It is a common practice to obtain speckle patterns by
using ground glass as random diffusers [6, 7]. These diffusers
generate 2D random speckles with Gaussian behavior and
distinctive second-order statistics according to the structure of
the illumination or the pupil of the optical system [8—11]. To
the best of our knowledge only applications based on 2D
speckle distributions have been developed [12, 13]. These

2040-8978/15/025602+08$33.00

applications have appeared according to the availability of 2D
speckle distributions whose features have in fact been deter-
mined by the fixed microstructure of the diffuser. Although
1D diffusers exist as commercial products [14] and some
research regarding them has been carried out [15-17], they
have been studied only in the context of an incoherent optical
system, and no investigation regarding speckle generation in
1D has been reported. Regardless of whether speckles are 1D
or 2D, it should be emphasized that, to obtain another sta-
tistically independent speckle pattern, it is necessary to
mechanically displace the diffuser by a certain amount.
Similarly, to modify the average intensity distribution it is
necessary to replace the diffuser.

To overcome these limitations, real-time programmable
features of phase-only liquid crystal spatial light modulators
(LC-SLMs) were recently used to generate speckle patterns
[18]. In fact, LC-SLMs have opened the possibility of engi-
neering tailored speckle fields [19]. Nevertheless, the analysis

© 2015 I0OP Publishing Ltd  Printed in the UK
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Figure 1. (a) Experimental setup. SF: spatial filter; L,: collimating
lens; L,: Fourier transforming lens; PMM: phase-mostly modulator
composed of P: polarizer, LC-SLM: liquid crystal spatial light
modulator, A/4: quarter waveplate, and A: analyzer. (b) PMM phase
modulation and coupled amplitude response as a function of the gray
levels displayed in the LC-SLM. Vertical lines indicate the three
gray levels selected to implement the diffusers.

of generated speckles is scarce, and in general, LC-SLMs are
employed as black-box tools to generate 2D speckle patterns
[20-23]. Although it seems a simple task, several factors limit
the quality of the generated speckle. For example, to obtain a
Gaussian speckle a uniform random phase distribution in the
range 0 to 2z should be sent to the modulator pixels ([7],
section 6). Then a phase modulation that does not reach 2z, a
phase discretization, a nonlinear phase modulation, system
aberrations, an anamorphic response [24, 25], or coupled
amplitude could lead to the appearance of a strong zero order
or an unwanted non-Gaussian behavior. These points must be
dealt with when generating the speckles.

The purpose of this paper is to demonstrate 1D speckle
generation without zero order and obeying Gaussian statistics
by employing an LC-SLM. In addition it will be shown that a
three phase level diffuser suffices to meet this goal, which can
be easily accomplished even with a low-cost LC-SLM. In our
case we use a transmission LC-SLM (Holoeye LC2002),
which has coupled amplitude and a phase modulation that
does not reach 2z [26, 27], and which also presents ana-
morphic behavior [24, 25].

2. Experiment

2.1 Experimental setup

The employed experimental setup is shown in figure 1(a). A
laser with a 1=532 nm wavelength is filtered and collimated

by a spatial filter SF and a lens L;. The shape of the beam is
controlled by a rectangular slit S of fixed height and adjus-
table width. This beam impinges on a phase-mostly mod-
ulator (PMM) composed of a polarizer P, an LC-SLM, a
quarter waveplate A/4, and an analyzer A. The resulting
modulated beam is Fourier transformed by a lens L, with
focal length f,=815mm and observed by a CMOS
DCC1545M Thorlabs camera with 1280 x 1024 square pixels
5.2 ym on a side.

2.2 Phase-mostly modulator characterization

After proper orientation of the polarizer, the quarter wave-
plate, and the analyzer angles is set, the first step is to
determine the PMM response. To measure the coupled
amplitude the slit S is removed and the camera is placed close
to the lens L, so that the resultant incident intensity is uniform
across its sensor. By projecting uniform gray-level images
onto the LC-SLM the coupled amplitude is obtained from the
square root of the measured intensity. By averaging over all
the pixels, the error of the average amplitude was less than
1%. To measure the phase delay the slit S is replaced by a
double aperture pupil and an image is sent to the LC-SLM so
that one gray level is fixed in one aperture whereas in the
other it is varied. A 10x microscope objective projects the
resulting Young pattern interference onto the entire sensor
area. From a Fourier analysis of the recorded images the
phase delay is determined [27]. Fifty measurements, statisti-
cally processed, made it possible to achieve an average phase
delay error of less than 1%. The amplitude and phase
responses of the PMM are shown in figure 1(b). A maximum
phase delay of around 1.387 with a 5% coupled amplitude
was obtained.

2.3 Diffuser design

As can be observed in figure 1(b), our PMM does not fulfill
the necessary requirements to obtain a Gaussian speckle
without zero order: a phase-only response evenly spanned
over the interval O to 2z. Nevertheless, as is shown hereafter,
a Gaussian speckle can still be obtained with this PMM by
implementing a phase-discrete diffuser through smart selec-
tion of phase levels: three almost equally spaced phases
between 0 and 2z with almost the same amplitude. It is
important to emphasize that because each of the selected
phases distributes one-third of the incident energy, its phasor
sum must be as close to zero as possible. To optimize the
correct phase selection we search for the minimum of the
following estimator:

2
E =

3
e (1 - 4;)
i=1

where A; and ¢; are the coupled amplitude and the phase
imprinted on the field by each macro-pixel taken from the
experimental PMM response. Note that this estimator is
proportional to the =zero order being replaced:
A, = (1 - Aq). In this way, it minimizes the zero order but
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searches for high-amplitude levels. At the same time, because
the three levels that minimize the estimator are almost equally
spaced, this search maximizes the diffraction efficiency [28,
section 7.3; 29]. The ‘differential evolution’ method included
in the NMinimize built-in function of Mathematica 9 was
employed. It found three gray levels (NG1:19, NG2:182, and
NG3:245) which minimize the estimator E (see figure 1(b)).

As is well known most LC-SLMs present anamorphic
behavior as a function of spatial frequency [24, 25]. However,
it is also known that this phenomenon manifests mainly in
one direction. Therefore, by implementing Ronchi gratings in
our PMM, a frequency analysis was performed and it was
verified that one direction of our LC-SLM presented an iso-
morphic response. This direction was selected to develop the
1D diffusers.

The diffusers were generated with the aim of digitally
controlling average intensity distribution and statistical inde-
pendence among the generated patterns. The latter was
managed through the statistical distribution of the three phase
levels displayed by the LC-SLM. The former was determined
by the lateral ‘roughness’ of the implemented diffuser. This
lateral roughness was controlled through a macro-pixel: a
number of adjacent single rows of pixels that share the same
gray level. Additionally, the transversal speckle size was
varied by means of the width of the slit S.

3. A theoretical model for 1D speckles

In this section a model to describe the one-dimensional
speckle patterns generated by three phase level diffusers is
developed. To begin, the field at the LC-SLM U, is described
as

N
Up(& ) = X Unpie (£ = Mppq)Aqef%recr(hl), (1)

g=1 s

where rect(x) is the rectangle function, Ag is the height of the
slit S, A, and ¢, are the coupled amplitude and phase
imprinted on the field by each macro-pixel, p, =32 um is the
LC-SLM pixel pitch, and M is the number of pixel columns
included in one macro-pixel. The number of macro-pixels

contributing to the field is given by N = ceil(wS/M pp),
where wg is the width of the slit S and ceil(x) is a function that
takes the nearest integer higher than x. U,y is the function
that describes a macro-pixel and is given by

Umpix () = [ rect[ Mgpp]

X 1+2isinc(7szn) cos[zﬂé] , 2)

n=1 14

where f;=2/3 is the LC-SLM fill factor. It follows that the
intensity at the Fourier plane of the lens L, can be expressed
as the Fourier transform of the field U, which gives the

following result:

2
I = F rect(i]] F | Umpix (€) ’
o | K )
N N g-1
4DTTRES
q=1 g=2r=1
2mx
X €08 ((pq - + A—szPP(CI - ’”)]], 3)

where & [x] is the Fourier transform operator.

The coupled amplitude A, and phase ¢, of each macro-
pixel are uniformly distributed over the three gray levels
selected to implement the diffuser, in our case

| (4q¢% )| < 0.004, which is at the limit of detection of our

8-bit CMOS camera sensor.

Given the foregoing considerations, it is easy to
demonstrate that the average intensity distribution at the
Fourier plane of the lens L, is given by

_ N (47) AlE 2
<I> = Wﬁlrect(}l—s)] J[UMpix(é)] . (4)

From this model the first- and second-order statistics can
be obtained by simulating a large number of speckle patterns.

4. Methods

To verify the feasibility of 1D speckle generation through the
PMM, several combinations of the variable slit width
((3.1+£0.2)mm, (5.0£0.4) mm, and (7.1 £0.8) mm) and the
macro-pixel size (1, 2, and 4 pixels) were implemented. Once
a three discretized phase levels diffuser was implemented in
the PMM, care was taken to ensure that any camera pixel was
saturated in the registered patterns and that the transversal
speckle sizes were larger than 8/7 camera pixels [30].

To characterize the registered patterns a statistical ana-
lysis was performed due to the random nature of the speckle
pattern. A Gaussian speckle is characterized by its intensity
probability density function, which exhibits a decreasing
exponential behavior (first-order statistics), and by its inten-
sity autocorrelation function, which presents a narrow peak
(second-order statistics).

To experimentally evaluate the first- and second-order
statistics and the average intensity distribution, 1000 statisti-
cally independent diffusers were displayed on the PMM and
registered by the CMOS camera. Each diffuser was generated
by using the rand built-in function of the Matlab R2011b
software, which is based on the Mersenne twister pseudo-
random number generator [31].

The experimental probability density functions of the
total intensity were obtained by averaging the histograms
from the central region (x ~ 0 andy ~ 0) of each speckle
pattern. The average intensity distributions were achieved by
averaging the 1000 recorded speckle patterns. The average
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intensity autocorrelations were calculated from the inverse
Fourier transform of the squared modulus of the Fourier
transform of the recorded intensity and averaged over the
1000 patterns.

For the simulations based on the theoretical model of
section 3, statistical distributions of A, and ¢, were generated.
To this end, the Mersenne twister pseudo-random number
generator [31] of the Ramdomlinteger built-in function of
Mathematica 9 was employed. The probability density func-
tions of the total intensity were obtained by averaging 1000
histograms obtained from a central region (x ~ O and y ~ 0)
of each simulated speckle pattern. The autocorrelations were
obtained from 1000 simulated patterns in the same way as in
the experimental case.

5. Results

A summary of our results is depicted in figure 2. For each
column both the width of the slit S and the size of the macro-
pixel M increase from left to right. Each row shows one of the
recorded speckle patterns, the first-order statistics, and the
second-order statistics, respectively.

From figures 2(a)—(c) it is noticeable that the random
behavior manifests in only one direction, whereas in the
perpendicular direction there is no intensity variation except
for that corresponding to the diffraction modulation governed
by the height of the rectangular slit. Note that in the direction
of randomness these 1D speckle patterns have some features
that resemble those belonging to 2D results: the speckle size
decreases to the extent that the width of the slit increases (see
intensity profiles of figures 2(a)—(c)), and the average inten-
sity distribution varies in accordance with the diffraction
pattern corresponding to one macro-pixel, i.e., the lateral
roughness of the diffuser controls the average intensity
distribution.

From the results of figures 2(a)—(c) it is apparent that the
use of the PMM enables easy generation of 1D speckle pat-
terns with fully controllable features which are not trivial to
produce with only one ground-glass diffuser. It should be
noted that the macro-pixel size variation makes it possible to
reliably control the lateral roughness of the diffuser, whereas
for a physical diffuser there is no alternative but to replace it
with another one. Concerning the local distribution of the
scattering elements, a new diffuser can be generated as fast as
the LC-SLM is refreshed without any mechanical displace-
ment in the experimental setup.

In figures 2(d)—(f) the probability density function of the
total intensity of the experimental and simulated speckle and
the Gaussian speckle fit are displayed. It is observed that all
the experimental histograms exhibit a decreasing exponential
behavior which indicates that these speckles satisfy Gaussian
statistics. This assertion can be maintained despite the low-
intensity points that deviate from the exponential behavior;
this issue is analyzed in detail hereafter.

Figures 2(g)—(i) show the experimental and simulated
results of the averaged intensity autocorrelation. They present
sharp autocorrelation peaks, which indicate a slight lack of

correlation between different points in the pattern. As is well
known, the peak width provides information about the aver-
age transversal speckle size. As can be observed, the peak
width diminishes from figure 2(g) to figure 2(i) as the slit
width increases. In addition, the background curvature of the
autocorrelation increases as the macro-pixel increases. These
features are analyzed in detail in the next section.

6. Discussion

6.1 First-order statistics

As is well known a linearly polarized Gaussian speckle pre-
sents a negative exponential in the probability density func-
tion of the intensity. This function monotonically decreases as
the intensity increases. However, as can be seen from
figures 2(d)—(f), there are a couple of experimental points, for
low-intensity values, that are non-monotonic. By recalling
that our diffuser was designed to fulfill the requirements for
generating a Gaussian speckle, this behavior could have dif-
ferent sources: depolarization, subsampling, or a coherent
background. The latter two sources are discarded because no
coherent background with an intensity comparable to the
average intensity distribution of the speckle background was
involved in the experiment ([1] subsection 2.4.2) and care was
taken to ensure that the speckle size was larger than 8/z
camera pixels [30]. Thus depolarization is assumed. This
effect is described by the superposition of two uncorrelated
speckle patterns on an intensity basis ([7] subsection 3.4), and
the expression for the probability density function of the
intensity is

2 1 2 1
p, ) = [e_1+?/7 i—e1-7 7], 5)

21
where Z is the degree of polarization and I is the mean
intensity. Under this assumption, by fitting the experimental
results (black dots) of figures 2(d)—(f) to equation (5),
adjusted R” of around 0.98 are obtained. These fits are dis-
played in figures 2(d)—(f) as green lines. From the adjusted
parameters an average degree of polarization of (86 +2)% is
obtained, which is in accordance with reported values [32].
Based on the theoretical model of section 3 and employing
the adjusted parameters, it is possible to simulate speckle
patterns with these features. The resultant probability density
functions are also shown in figures 2(d)—(f) (red dots). From
these results it is apparent that the experimentally generated
speckles are well described by Gaussian statistics for partially
polarized speckles and that the theoretical model statistically
reproduces the experimental probability density function of
the intensity.

6.2 Average intensity distribution

From equation (4) it can be seen that the average intensity
variation along the direction of randomness is related to the
Fourier transform of the macro-pixel. This implies that the
mean intensity distribution can be controlled by the macro-
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Figure 2. Summary of experimental and simulated results. Each column displays an increasing slit width and macro-pixel size. Rows depict
one of the recorded speckle patterns, the probability density function of the total intensity, and the averaged intensity autocorrelation profile,

respectively.

pixel size. In order to study this behavior, in figure 3 the
profiles along the random direction (for y=0) of the average
intensity distribution for the 5.0 mm slit width and different
macro-pixels are presented. The dots correspond to experi-
mental results, whereas the continuous lines correspond to
plots of equation (4).

From the results is evident that the macro-pixel dom-
inates the width of the averaged intensity distribution: the
sharpest and highest shape corresponds to 4 pixels and the
flattest one to 1 pixel, whereas the remaining curve has a 2-
pixel value. Good agreement between the theoretical plots
and the experimental points is observed. It should be stressed
that no fitting procedure is performed. These results reinforce
the validity of the theoretical model developed in section 3 to
describe the 1D speckle patterns generated by three level
diffusers in our PMM. The results of this analysis make it
clear that the macro-pixel provides a tool to control the
average intensity distribution of the generated speckle pat-
terns without changing the second-order statistics. This fea-
ture is desired in applications in which increasing the intensity
or controlling the bandwidth enhances performance. For
example, in optical trapping applications, G Volpe [33]
showed that the movement of particles in a static speckle

0.20}

o
-
o

0.05f

Average intensity distribution

3.0 -20 -1.0 0.0 1.0 2.0 3.0

Figure 3. Average intensity distribution for different macro-pixel
size values and a slit width of (5.0 +£0.4) mm.

pattern depends on optical forces, which are proportional to
the average intensity of the speckle patterns. The particle is
virtually freely diffusing when those forces are relatively low.
As the forces increase, the particle is metastably trapped in the
speckle grains. On the other hand, in optical encryption sys-
tems which use diffusers as random phase masks, the
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distribution of information at the output plane is determined
by the diffuser roughness [34-36]. Lost information in the
recovered image will be avoided if the ‘roughness’ of the
random phase masks is properly adjusted in such a way that
all the information is contained in the recorder medium area.

6.3 Averaged intensity autocorrelation

The experimental (black) and simulated (red) autocorrelation
(figures 2(g)—(i)) reveal a clear correspondence between
them. As is well known, the intensity autocorrelation of the
speckle patterns gives information about the speckle size,
which is related to the illumination structure incident on the
diffuser. But perhaps it is less known that the autocorrelation
also contains information about the lateral correlation of the
diffuser (generalized van Cittert—Zernike theorem; see
reference [7], subsection 4.5.2). This effect is observed in
the variation of the autocorrelation function outside the
central peak. According to the class of the speckle studied,
long-tail correlation peaks, such as those appearing in fractal
[9, 23] or clustered speckles [11, 37], could be altered if the
macro-pixel is not properly selected. To avoid this, the
macro pixel size must be adjusted in such a way as to suf-
ficiently flatten the average intensity so that its influence in
modulating the autocorrelation function profile is negligible.
However, as previously mentioned, there are certain appli-
cations where a flattened autocorrelation background is not
necessarily the best choice.

Irrespective of the lateral correlation of the diffuser, for
Ax ~ 0, its contribution can be dismissed and the intensity
autocorrelation can be considered stationary [38]. This is an
important consideration because it is there where the speckle
size is measured.

To further analyze the autocorrelation peak structure,
the regions around the central peaks of the experimental
intensity autocorrelation profiles shown in figures 2(g)—(i)
are depicted by dots in figure 4. The inner curve belongs to
the 7.1 mm slit width, the outer curve corresponds to the
3.1 mm slit width, and the third curve belongs to the 5.0 mm
slit width. The corresponding simulated curves are also
displayed as continuous lines. It can be seen that an increase
in the slit width produces a decrease in the autocorrelation
peak width. It is well known that the width of the central
peak at its half-height is proportional to the transversal
average speckle size, which, for a rectangular aperture, is
given by (Ax);, = 0.9 1 f,/ws ([7], subsection 4.4.3). The
results of the evaluation of this expression for each slit are
represented by arrows inside the central peaks in figure 4. It
is evident that this evaluation is in good agreement with the
experimental and simulated results.

The results presented confirm the validity of the theore-
tical model developed in section 3 for simulating the 1D
speckle patterns generated by the PMM. At the same time,
they are in accordance with the well-known theory of
speckles.

1OF = 3.10.2ymm
M =1 pixel b =
0.9} P Je ) :
. < w,=T7.1(0.8)mm
A 0.8} - . M = 4 pixel
-é‘ - ]
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0.5ttt T RE Lt TE—
-0.20 -0.10 0.0 0.1 0.20
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Figure 4. Averaged intensity autocorrelation peaks for the three slit
widths and macro-pixel sizes indicated in figure 2.

7. Envisaged applications of 1D speckles

The one-dimensional speckle patterns generated by a PMM
may open a new branch of applications where a directional
randomness turns out to be of utility to emphasize key aspects
of a system. Super-resolution techniques where a sample is
illuminated with several random speckle patterns [39, 40]
may be evaluated and characterized easily using 1D speckles.
Resolution enhancement will manifest only in one direction,
whereas in the perpendicular direction a diffraction-limited
image for comparison purposes is maintained. On the other
hand, there are applications, such as those involving atom
trapping [41, 42], which do not require a 2D speckle pattern
—in which case 1D patterns may be more appropriate.

8. Conclusions

In this work, one-dimensional speckle fields with controllable
features were successfully developed by employing a low-
cost phase-mostly modulator as a diffuser. The calibration of
this modulator showed a maximum phase delay of 1.38z with
a 5% coupled amplitude and anamorphic behavior. Even
though these features go against the Gaussianity of speckle
patterns, an intelligent implementation of diffusers made it
possible to deal with this issue. That is, because the ana-
morphic behavior manifests mainly in one direction, the 1D
diffusers were developed along the isomorphic direction.
Moreover, smart selection of the three phase levels distributed
almost evenly over the interval O to 2z with almost the same
amplitude was performed. In addition, this selection pre-
cluded the appearance of a zero order. By sending a uniform
distribution of the three phase levels to the LC-SLM, a
Gaussian speckle was obtained. Statistically independent
diffusers were displayed as fast as the LC-SLM could be
refreshed. The average intensity distribution was handled by
the macro-pixel size of the diffusers. Finally, the transversal
speckle size was governed by adjusting the slit width of the
setup.

A theoretical model to describe the speckle patterns
generated by the one-dimensional three phase level diffusers
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implemented in this work was developed. This model enabled
simulation of the first- and second-order statistics even with
the depolarization introduced by the LC-SLM. Additionally,
the average intensity distribution was calculated. The results
of this model were in good agreement with the experi-
mental ones.

It should be emphasized that the use of the real-time
programmable features of LC-SLMs makes it possible to
overcome the limitation of using ground-glass diffusers.

In this work it was demonstrated that a three phase level
diffuser suffices to obtain Gaussian speckle fields. The
achievements reported in this paper unlock the opportunity to
use low-cost LC-SLMs as a reliable tool to obtain one-
dimensional Gaussian speckle fields. In the same vein, LC-
SLMs with high-performance but having a reduced phase
modulation for long wavelengths profit from the result of
this work.

Future research could focus on the study of the long-
itudinal intensity autocorrelation of 1D speckles and the
control of their transversal intensity autocorrelation via PMM
instead of physical apertures. Another issue to study is related
to obtaining a uniform intensity distribution with a limited
bandwidth; to this end, a tuning of the macro-pixel shape will
be required.
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